Introduction
Tendons are known to have a profound impact on the overall function of the musculoskeletal system in their role as a structural link and force transmitter between muscle and bone. Their unique viscoelastic response under tension allows efficient use and recycling of stored energy during stretch involved in locomotion, modulating joint position control, and providing protection from muscle injuries through reduction of mechanical oscillation and shock. The study of the mechanical behavior of the Achilles Tendon, defined as the thick or external tendon running from the calcaneus insertion to the distal part of the soleus muscle, is of particular clinical importance, since it is known to be the most likely site of tendon rupture and tear in humans. This chapter will review the known mechanical, architectural and biochemical characteristics of this tissue, vital for the transmission for force generated by the muscle fibers to the bone.
Imaging studies
Real-time ultrasonography has become popular for in vivo measurement of human forcelength relationships under uniaxial mechanical stress, an important parameter for the assessment of mechanical properties of biological tissues. Recent studies using this technique have shown that, similar to muscles, the mechanical properties of tendon tissue undergo substantial changes in response to both increased and decreased levels of physical loading and with aging and disuse and importantly, that the effects are partly mitigated by resistance training. Such changes in mechanical properties of tendons will significantly 4 affect the overall musculoskeletal performance. However the exact causative mechanisms remain unclear. This chapter will explore the architectural and mechanical characteristics of the tendon that are likely to be modified as a result of chronic unloading and cause reduced force production of the limb and, how these changes can be reversed with physical rehabilitation.
Velocity encoded phase-contrast magnetic resonance imaging (VE-PC MRI) is another imaging technique used to noninvasively measure Achilles tendon strain and changes in its force-displacement relationship concomitant with chronic unloading and subsequent recuperation. This technique will be reviewed in terms of its ability to quantify the Achilles tendon Young's modulus (MPa) from a stress-strain curve. Higher spatial resolution, high tissue contrast and large field of view (FOV) afforded by MRI also allow one to clearly define and segment the two ends of the Achilles tendon; such capabilities are important for elimination of undesirable strain contributed by exogenous tissues and for consistent monitoring of the same anatomic landmarks over the duration of several months as required in longitudinal studies. We will review the results of several studies using the VE-PC MRI technique that provide evidence that tendinous tissues exhibit spatially non-uniform strain patterns and that this heterogeneity of the mechanical behavior of tendinous tissues is altered depending on the contraction type and loading condition.
Role of Achilles tendon in musculo-skeletal dynamics
A confounding feature of musculoskeletal system is the relationship between the calcaneus excursion (~30 mm) in the human ankle and the length of human soleus muscle fibers (~35 -45 mm). In order to find the answer to the puzzle, theoretical approaches have been made to understand possible mechanisms which may explain how the human soleus muscle-tendon complex generates movements at the calcaneus that are almost equal to the length of its muscle fibers. Preliminary evidence suggests that some mechanical gain may arise at the ankle where the Achilles tendon is pulled towards the ankle center of rotation, creating an easily observed curvature in the human Achilles tendon. Curvature of the tendon even during relatively high-force contractions suggests that posterior movement of the Achilles tendon is constrained, even though there does not appear any definitive anatomical structure equivalent to the crural ligaments acting on the tendons of the dorsiflexors. Such a constraint would increase the proximo-distal excursion of the calcaneus relative to excursion of the Achilles tendon above the ankle. Elucidation of such mechanisms will be reviewed since these aspects influence tendon moment arm estimations and are critical when predicting mechanical behavior of muscle from joint performance or vice versa. With further understating of structure-function relationship, geometric muscle model will serve as heuristic purposes as well as accurate prediction of muscle function.
Imaging Studies of the Mechanical and Architectural Characteristics of the Human Achilles Tendon in Normal, Unloaded and Rehabilitating Conditions 5 structures and also take advantage of their elastic as well as the viscoelastic properties (Rigby et al. 1959; Scott & Loeb 1995; Zuurbier & Huijing 1992) supplementing the passive force transmission with energy storage and recycling. These mechanisms enhance joint performance and efficient power production (Alexander & Bennet-Clark 1977; Cavagna et al. 1964; Hof et al. 2002; Morgan et al. 1978) . Therefore, the interaction between muscle and tendinous structures in a muscle-tendon complex has a direct impact on the performance and control of the involved joint(s). In addition, it has been suggested that tendinous structures within a muscle may possess active functions which includes resisting to stretch by producing contractile force, sensing mechanical load, generating mechanical signal and propagating the signal via the gap junction network which probably modulates collagen synthesis (McNeilly et al. 1996; Purslow 2002; Ralphs et al. 2002) . The potential consequences for disruption of muscle function by changes in tendon seem almost unrecognized, perhaps in part due to our poor understanding of the structural integration between muscle and tendon and the degree to which their operation may be 'detuned' by changes in mechanical properties of either muscle or tendon. The medical consequences of operating outside of the normal boundaries of a well tuned musculo-tendinous system are also poorly understood, although clearly recognized in the persistent atrophy experienced in microgravity despite rigorous exercise programs.
Muscle force generation is length and velocity sensitive. The process is repetitive in the sense that muscles will always generate force based on their length-tension and forcevelocity properties, causing tendon deformation. The magnitude of tendon deformation will depend on its own mechanical properties such as stress-strain relationship. Stress-strain curves are an extremely important graphical measure of a material's mechanical properties. Stress is defined by the ratio of tendon force to tendon cross-sectional area, and strain is defined by the amount of tendon deformation relative to its resting length.
Inspection of the shape of the stress-strain relationship in a soft tissue such as tendon provides insight into the unique properties of most soft tissues compared with traditional materials such as steel or wood. Typical engineering materials usually exhibit linear, elastic, homogeneous, and isotropic properties, which is reflected as a linear stress-strain curve for loads below the elastic limit. In contrast, biological materials often exhibit non-linear, inelastic, inhomogenous and anisotropic behavior. There are three distinct regions of stressstrain (Figure 1 : stress-strain curve). The toe region typically lies below 3% strain, a region in which specimen elongation is accompanied by very low stress. This low initial stiffness of tendon in the toe region is thought to be caused, in part, by the straightening of the collagen crimp (Rigby et al. 1959) or shearing action between the collagen fibrils and the ground substance of the tendon (Hooley et al. 1980) . The linear region is evident beyond approximately 2 to 3% tensile strain. The slope of this linear portion of the curve has been used to define the "Young's modulus" of the tendon. This region of linear strain extends to about 4 to 5% (Wainwright et al. 1982) . The Young's modulus for rat tendon is approximately 1.0 GPa (Rigby et al. 1959) . Permanent deformation occurs beyond the region of linear or reversible strain. The ultimate or failure strain of tendon is about 8 to 10% (Rigby et al. 1959 ). There is a considerable yield region in which tendon deformation is accompanied by very little increase in stress. However, although numerous measurements of tendon stress-strain properties were made historically (Woo et al. 1982) , few were made under physiological conditions. This is because the in vivo tendon properties are more Fig. 1 . Typical stress-strain curve for tendon (from Herzog et al. 2007 ).
difficult to estimate than the simple material properties of tendon tested in isolated condition. Several approaches have been used to define tendon in vivo properties. The examination of tendon properties under in vivo conditions necessitates the use of cadaver specimens. In one approach by Zajac (1989) , estimates of tendon strain during muscle contraction were about 3% based on a literature values. Direct measurement of tendon strain during passive loading of a muscle-tendon unit (Lieber et al. 1991) and during muscle contraction (Leiber et al. 2000) yielded approximately similar results in that tendon strain about 3% at muscle maximum titanic tension.
Experimental determination of stress-strain properties of the Achilles tendon
Real time ultrasound has become popular for in vivo assessment of human tendon stressstrain relationship. The same general principles of in vivo tendon testing have often been applied with the aim of characterizing the mechanical behavior of the human tendon in different in-vivo situations and conditions. The results obtained vary greatly (Arampatzis et al. 2005; Bojsen-Møller et al. 2004; Kubo et al. 2002 Kubo et al. , 2004 Maganaris and Paul 2002; Muramatsu et al. 2001; Reeves et al. 2005) . In young sedentary adults, for example, the tendon stiffness, Young's modulus and mechanical hysteresis values are ~ 17-760 Nm/mm, 0.3-1.4 GPa, and 11-19%, respectively (for a review see Maganaris et al. 2008 ). In addition, VE-PC MRI is potentially an alternative and supplementary in vivo technique. Tissue velocity measures of the tendinous tissues using VE-PC MRI enable us to estimate the Young's modulus during a submaximal contraction.
Using this VE-PC-MRI based approach, a new method was developed to characterize invivo and non-invasively, the mechanical (elastic) properties of the human Achilles tendon (Shin et al, 2008b) . Achilles tendon force and calcaneus-movement-adjusted displacement 7 were measured during a submaximal isometric plantarflexion in 4 healthy subjects, 4 repeated trials each. The measured force-length (F-L) relationship was least-squares fitted to a cubic polynomial. The curves were best fitted to a third-order polynomial, with non-linear "toe-region" at smaller forces followed by a linear elastic region. Typical error was calculated for tendon displacement at multiple force levels, stiffness from the "linear region", and transition point from the displacement point separating the linear and nonlinear parts of the curve. Elastic constants of human Achilles tendon determined from these force-displacements curves, showed excellent correlation coefficient of each repeat set with the "average" curve, ranging from 0.89-0.99, 0.98-0.99, 0.97-0.99, and 0.88-0.99, respectively ( Figure 2A ). Qualitatively, individual differences were observed in the force-length profile in proportion to their level of physical activity ( Figure 2B ). The method yielded ForceLength relationships, stiffness and transition point values that showed good within and day-to-day repeatability. The technique compared well with the more conventional one using ultrasonography. Its reliability indicates potential for measuring tendon structural changes following an injury, disease, and altered loading. Both of these compliance related properties of the tendon have tremendous implications in the transmission of force arising from muscle. In a typical skeletal muscle-tendon unit, tendinous tissue commonly consists of an external free tendon, which is typically referred to as tendon, and an internal tendon, which is typically referred to as aponeurosis. The tendon connects the muscle proper to bone. The aponeurosis provides the attachment area for the muscle fascicles. In a recent attempt the separation of the mechanical behavior of the aponeurosis from that of the free tendon could be determined during ankle plantarflexion contraction using VE-PC MRI. One of the strengths of this technique compared with ultrasound technique is that it allows one to visualize the entire length of the aponeurosis, tendon, and even calcaneus. This allowed to the comparison of the stiffness between different tendinous tissues such as Achilles tendon and even regional differences along the aponeurosis. In a recent MRI study our group has also shown difference in stiffness between the Achilles tendon and distal aponeurosis of the medial gastrocnemius muscle (Kinugasa et al. 2010 ).
Correlation of structure of the Achilles tendon with its function
The primary role of tendon is to transmit the force of its associated muscle to bone. As such, the tendon needs to be relatively stiff and strong under tension. Herzog (2007) have stated that mechanical properties, such as fiber-bundle organization of the tendon allow for the maintenance of high tensile strength, with considerable flexibility in bending, in the same way that a wire rope maintains high tensile strength and flexibility as compared to an equal cross-section of solid steel (e.g., Alexander (1988a) ; Alexander (1988b) and Wainwright et al. (1982) ). The significance of the observed tensile properties can be appreciated by considering the tendon function. Tendon must be sufficiently stiff and strong to transmit muscle force to bone. Ker et al. (1988) studied that relative size of muscle and tendon dimensions. The thin tendons require long muscle fiber, which allow for significant changes in length, to compensate for tendon deformation during muscle contraction (Ker et al. 1988) . In contrast, the thick tendons deform less than thin tendons, and may not need extra-long fibers, indicating that the tendon dimension could have an impact on its mechanical properties.
Reconstruction of the lower limb muscle connective tissue from axial anatomical MR images (Iwanuma et al. 2011; Kinugasa et al. 2010) and from the Visible Human data ) reveals a complex and somewhat consistent internal structure. The Achilles tendon is rather flat near its broad insertion to the calcaneus but becomes oval in the mid-region and then sheet-like as it courses proximally over the posterior surface of the soleus muscle ( Figure 3 , Hodgson et al. 2006; Kinugasa et al. 2010) . The overall length of human tendon is approximately 68 mm and its width becomes larger as the region shifts more distally from the insertion of the soleus muscle (approximately 13 mm) to the calcaneus (approximately 28 mm) (Iwanuma et al. 2011) . A small portion of the tendon and aponeurosis forms a ridge that protruds into the distal portion of the soleus and often reached the anterior surface of the soleus muscle. This structure is generally referred to as the median septum (Oxorn et al. 1998) . The median septum extends toward the origin of the soleus for about 70% of the muscle length and is located in the anterior compartment of the muscle as this compartment becomes apparent in the proximal portion of the soleus . The posterior aponeurosis of the soleus muscle also remains very clear over the distal 60-70% of the soleus muscle and continues as a thinner epimyseal sheet in the proximal muscle.
A few studies have examined changes in tendon and aponeurosis dimensions under a human voluntary force exertion condition. In the transition from rest to maximal contraction, the length (superior-inferior direction) and width (medial-lateral direction) of the aponeurosis increases by 7% and 21%, respectively (Maganaris et al. 2001) . However, the change in aponeurosis width is variable depending on the measurement regions. Figure 4 shows a 3-dimensional reconstructed image of the entire medial gastrocnemius and axial morphological MR images at 30%, 50%, and 90% locations along the proximal-distal direction under rest, at 20% maximal voluntary contraction (MVC), and at 40% MVC from one subject (Kinugasa et al. 2008) . At the 50% location, the deep aponeurosis exhibited greater sinuosity in the cross section as force levels increased, which resulted in a significantly greater segment length for 40% MVC (Kinugasa et al. 2008) . In contrast, the cross-sectional segment length of the deep aponeurosis at the 90% location decreases significantly with increasing force levels. The contracted muscle is shorter with greater thicknesses in the proximal and middle regions. Presumably, the deep aponeurosis expanded in the medial-lateral axis. The distal region of the contracted muscle is thinner and the axial segment length of the aponeurosis decreases, accompanied by aponeurosis stretch along the proximal-distal axis. Fig. 4 . Changes in cross-sectional segment shape and length of the deep aponeurosis. A: 3D reconstructed images of the MG, tibia, and fibula from a stack of axial MR images in 1 representative subject. Red lines correspond to positions at 30%, 50%, and 90% locations along the proximal-distal axis. B: axial morphological images at 30%, 50%, and 90% locations as indicated in the 3D image at rest, 20% MVC, and 40% MVC from 1 subject. The deep aponeurosis is indicated by white lines in these axial images and reveals changes in shape and cross-sectional segmental length after force production (from Kinugasa et al. 2008 ).
Adaptations of tendon and aponeurosis under unloading and rehabilitation conditions 3.1 Experimental determination of Achilles tendon compliance after unloading
Muscle atrophy is the process of loss of skeletal muscle tissue typically from disuse or unloading, which can arise from a variety of clinical condition including immobilization during use of cast, prolonged bed rest, and micro-gravity during space-flight. One intriguing characteristic of muscle atrophy is that the resultant decline in force per unit cross sectional area (CSA) is disproportionately larger than the accompanying decrease in muscle volume from atrophy. Our laboratory has reported, for example, muscle volume reduction of 6% accompanied by a force decline of 48% resulting from a 4 week unilateral limb suspension (Lee et al. 2006) . Although reduced neural drive and a decrease in single fiberspecific tension are known to contribute to this phenomenon, recent evidence, obtained by MRI and ultrasound, suggests that changes in tendon mechanical properties as well as musculoskeletal architecture also play a role. Tendon and aponeuroses are passive elements of the musculoskeletal system whose main function is to transmit forces and displacement generated by muscle fibers to the bone. If the tendon stiffness is significantly altered, the www.intechopen.com
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mechanical consequence is that the passive elements will be required to undergo more strain in order to transmit the same force output compared to the pre-atrophy level.
Several studies have shown that unloading can have a significant negative effect on the mechanical properties of human tendon. Previously, the reduction in stiffness was reported mainly from ultrasound studies in humans (Kubo et al. 2002 (Kubo et al. , 2004 Maganaris et al. 2006; Reeves et al. 2005) as well as in some animal studies (Ameida-Silveira et al. 2000; Woo et al. 1982) . Recently, the tendon mechanical properties were measured with the stress-strain relationship established from the VE-PC MRI studies. For these VE-PC MRI studies, the Young's modulus showed a 17% reduction for the Achilles tendon ( Figure 5 , Shin et al. 2008a ) and 29% reduction for the distal aponeurosis (Kinugasa et al. 2010 ) after 4-wk unloading. The extent of decline found in these studies is similar to that reported by Kubo et al. (2002 Kubo et al. ( , 2004 , who studied humans subjected to 20 days of bed rest (-28%), but it is much more moderate than the percent decline reported in studies of 90 days simulated microgravity (-58%, Reeves et al. 2005 ) and paralysis (-59%, Maganaris et al. 2006 ). This suggests that the extent of stiffness decrease may have a direct correlation to the duration of unloading.
Physiological implications of changes in tendon compliance
A decrease in Achilles tendon stiffness results in a clear functional disadvantage. Decreased stiffness results in less efficient transfer of contractile force produced by the muscle to the bone, which leads to delayed motor behavior (Proske & Morgan 1987) . Additionally, the compliant tendon results in a leftward shift of the force-length curve of the muscle fiber, resulting in a decline in force production for a given amount of fiber shortening (Shin et al. 2008a ).
The exact causative mechanism for the reduction in tendon mechanical stiffness remains unclear. It is generally attributed to material deterioration, since the tendon CSA remains unchanged with chronic unloading in humans (de Boer et al. 2007; Kubo et al. 2004; Reeves et al. 2005; Shin et al. 2008a ). However, this conclusion necessitates several major presumptions. The results of animal experiments characterizing the effect of chronic unloading on tendon dimension are inconsistent. For example, in animal models, tendon size has been shown to decrease (Schulze et al. 2002) , as well as not to change (AlmeidaSilveira et al. 2000; Heinemeier et al. 2009; Matsumoto et al. 2003) , and even to increase (Kotani et al. 1998; Tsuchida et al. 1997 ) in response to chronic unloading. Interestingly, if the Achilles tendon of a rabbit is cut, glycosaminoglycan content and fibroblast number increase, and the number of small collagen fibers increase (Flint 1982) .
Several human studies (de Boer et al. 2007; Kubo et al. 2004; Reeves et al. 2005; Shin et al. 2008a ) have indicated that chronic unloading does not lead to significant change in tendon size, but dimensional measures were limited to a very restricted fraction of the length. Recently, in fact, human tendon size was shown to increase by 5% after 4-wk unloading based on relatively high-resolution data and sensitive procedure to test for significance (Figure 6, Kinugasa et al. 2010) . One explanation may arise from further analysis showing that the entire length of the Achilles tendon and distal aponeurosis and median septum remained unchanged in cross-sectional segment lengths. This possibly indicates a slight increase in thickness rather than changes in the overall dimensions within a cross section. Fig. 5 . Effect of Unloading on Stress-strain curve of the Achilles tendon: at pre-suspension (Pre), at post-suspension (P0), and after 6 wk of physical rehabilitation (P6) for five subjects (from Shin et al. 2008a ). This assumption is supported by some relevant findings including an increase in rat collagen fiber proportion (Binkley & Peat 1986) and CSA of ewe spinal ligament (Kotani et al. 1998 ) as a result of chronic unloading. However, animal data on the effects of chronic unloading on collagen fibril size, density, and number are conflicting. Human studies have demonstrated that, during 2 wk of unloading, there are either no changes or a downregulation of collagen I and III mRNA (Heinemeier et al. 2009) ( Christensen et al. 2008) , indicating that the ultrastructure of collagen fibril might not alter with chronic unloading. An increase in the water content in extracellular space may therefore provide a possible explanation for tendon hypertrophy. It is possible that extracellular space could be increased in response to chronic unloading (Kotani et al. 1998 , Tsuchida et al. 1997 . Although the tendon hypertrophy observed may be expected to compensate for the reduction in the tendon stiffness, the absence of any significant correlation between the magnitude of tendon hypertrophy and reduced Young's modulus (Figure 7 ) seen in Kinugasa's study (2010) suggests that dimensional factors are not critical to the elastic properties. The literature seems to indicate that the altered tendon elastic modulus is largely due to material deterioration. Changes in the structure and packing of the collagen fibers (Danielsen & Andreassen 1988) , such as loss of transverse bands of collagen fiber (Paavola et al. 2002) , increased collagen fiber crimping (Patterson-Kane 1997), and reduction in the covalent intramolucular cross-links (Bailey 2001) , may generally be considered to be factors in the alteration of tendon material properties. Fig. 7 . Relationship between relative changes in volume and Young's modulus of Achilles tendon and distal aponeurosis after 4 wk of unilateral lower limb suspension. The regression line is not shown since the relationship was found to be insignificant (from Kinugasa et al. 2010 ).
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The effects of unloading or disuse were demonstrated by reduction of the muscle force. The recovery of muscle volume and force with a chronic rehabilitation are well-documented in literature (Berg et al. 1991; Lee et al. 2006; Maclntyre et al. 2005 ), but to our knowledge, there is only one study which investigated changes in tendon mechanical properties with physical rehabilitation. Shin et al. (2008a) investigated the change in the Young's modulus in response to 6 wk of physical rehabilitation (six exercise; 1) warm-up, 2) strength, 3) balance, 4) stretching, 5) cool-down, 6) post-evaluation) after 4 wk of limb suspension. The Young's modulus was decreased by 17% following 4-wk unloading and returned to the pre-loading level at the end of 6-wk of physical rehabilitation ( Figure 5 ).
Amplification of ankle rotation by deformation of Achilles tendon

Experimental determination of amplification factor
In-vivo measurements of muscle shortening during plantarflexion / dorsiflexion movements of the ankle show that the distance moved by the calcaneus exceeds the shortening of the muscle fibers . Thus, mechanisms must exist between the muscle fiber and calcaneus which amplify the muscle fiber length changes. One such system appears to be the internal mechanics of the muscle which prevents changes in aponeurosis separation as the muscle lengthens and shortens. We have hypothesized a second system operating at the ankle. The observed curvature of the Achilles tendon under load indicates the presence of a mechanical constraint close to the ankle which limits posterior movement of the tendon as the ankle rotates. Mechanical analysis of such a constraint suggests that it would modify the relationship between muscle shortening and ankle rotation, adding more amplification to the translation of muscle fiber shortening to ankle rotation . Although no structure is readily apparent, the observation of tendon curvature indicates that a force component perpendicular to the tendon load axis is present to displace the tendon from the linear orientation which it would adopt with tensile loading alone. This prediction has been tested by comparing the displacement of the aponeuroses above the ankle and the movement at different points along the length of the Achillles tendon and calcaneous as the subject's foot was moved through ~30 o by the motor at a cycle rate of 30 o s -1 , with the subject exerting 40% MVC. On an oblique sagittal image of the lower leg in which the entire length of the aponeurosis and tendon could be visualized, the intersection of spin tag lines in the soleus muscle and the Achilles tendon / aponeurosis was detected, and these points of intersection were tracked in successive frames of the cine-MRI data (Figure 8) . Additionally, the location of the apparent deviation of the Achilles tendon from a straight line was noted on each frame.
Several points on the foot were also tracked and used to determine the center of rotation of the ankle. In Fig. 9 , which demonstrates the geometry of ankle rotations, Point X is the MG musculo-tendinous junction, Point Y  point where posterior movement of the Achilles tendon is prevented, Point Z  the junction between Achilles tendon and calcaneus, Point C  the ankle center of rotation; Line CZ  lever arm upon which the Achilles tendon acts, Line CB  the Achilles tendon moment arm which is different from CZ because the Achilles Fig. 9 . Geometry of ankle rotation due to restriction of posterior movement of the Achilles tendon.
tendon pulls at an angle to CZ, Line XZ  the distance between the MG musculo-tendinous junction and calcaneus, Lines XY and YZ indicate the path of the Achilles tendon, Length XY+YZ represents the length of the Achilles tendon. The geometry of triangle XYZ implies that line XY lengthens as the ankle dorsiflexes (left to right in figure) . Thus point Z moves a greater distance than point X, even if tendon length remains constant. Moment arm BC equates to lever arm length CZ multiplied by Cos angle BCZ. Angle BCZ increases with dorsiflexion, therefore the Achilles tendon moment arm must decrease with dorsiflexion. The lower row of diagrams on the right illustrates the greater change in moment arm which would occur without the Achilles tendon constraint. Figure 10 illustrates that the constraint to the posterior movement of the Achilles tendon reduces the tendon moment arm at the ankle over a wide range of ankle angles. A shorter moment arm increases the ankle rotation for a given change in muscle length. The range of moment arm change is also reduced significantly, possibly easing the challenge of controlling ankle torque at different ankle angles. The calculated lever arm length from the ankle center of rotation to the calcaneo-tendinous junction was 53.1 +/-3.8 (SD, range 50.4 -58.6) mm. The actual moment arm was always less than this value due to the anatomical relationship between the ankle and the Achilles tendon. Restriction of the outward movement of the Achilles tendon always resulted in an acute angle between the direction of tendon pull and the line between the ankle center of rotation and the calcaneo-tendinous junction. The moment arm is modified by the sine of this angle and is correctly measured by the minimum distance between a line through the Achilles tendon and the ankle center of rotation (Rugg et al. 1990 ). Fig. 10 . Achilles tendon moment arm: The moment arm measured from MRI data (with constraint) is shown along with a theoretical moment arm based upon the Achilles tendon lever arm and a constant direction of pull set to the direction measured at full dorsiflexion (no constraint). The lack of constraint would also require the Achilles tendon to move posteriorly by ~1.5 cm. Figure 11 demonstrates that the tags on the calcaneus have greater displacement relative to the tags on the aponeurosis, illustrating the amplification of tendon movement initially postulated. An unstrained posterior aponeurosis would result in all tag lines displacing by the same amount. Experimental observations confirmed previous observations that the aponeurosis does not move uniformly, exhibiting displacements which suggest some regions of the aponeurosis stretch while other regions undergo compression (Figure 10) . Furthermore, some tags on the calcaneus showed a greater displacement than the displacement of the aponeurosis, consistent with the well recognized phenomenon that Achilles tendon stretches under load. The alternative explanation for the differences between calcaneus and aponeurosis displacement may be an amplification mechanism due to the constraint on posterior movement of the Achilles tendon. These MRI experiments suggest that the major point of action of this constraint is 61.6 +/-5.1 (SD, range 52.7 -65.6) mm superior to and 33.5 +/-6.9 mm posterior to the ankle center of rotation.
Physiological implications of amplification factor
The mechanism amplifies the influence of muscle shortening upon ankle rotation and decreases the Achilles tendon moment arm over much of the ankle range of movement. The data indicate that attempts to measure Achilles tendon length changes by measuring the distance between the musculo-tendinous junction and the calcaneus must also take into account the curvature of the tendon and any changes in curvature which arise from a change in ankle angle. Computations of the potential amplification by this configuration suggests a maximum gain of ~1.1 . While apparently quite small, this could have a significant impact on experimentally observed Achilles tendon strain. For example, ultrasound measurements of aponeurosis excursion during a maximum voluntary contraction typically report a displacement of 20 -30 mm. If a significant proportion of this movement involves rotation of the ankle, this could account for a significant portion of the observed strain.
Conclusion
It is widely recognized that our muscular system changes its properties in response to altered mechanical loading. Previous studies have documented deleterious changes in muscle following chronic unloading, while recent studies provide information of significant changes in tendinous structures within the muscle. Recent work in our laboratory (Finni et al. 2003) in addition to work of others (Gans 1982) has demonstrated a significance of muscular structural organization. We believe the integrated structure of muscle and tendon is specifically tuned to the normal operating environment and normal physiological state. A better understanding of this interaction between muscle and tendon and their codependence in maintaining normal physiological function is essential, as is a better understanding of how unloading and atrophy disrupt normal function. One of the main objectives of our group's research has been to investigate the effects of chronic unloading on the mechanical properties of tendinous structures in in-vivo human skeletal muscles and furthermore, to gain insight into the possible mechanism(s) of undesirable adaptations of human muscular-tendinous structures occurring secondary to decrease in mechanical loading.
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